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Test Generation for Highly Sequential CircuitsI
Abhijit Ghosh, Srinivas Devadas, and A. Richard Newton

Abstract

We address the problem of generating test sequences for stuck-at faults in non-scan
synchronous sequential circuits. We present a novel test procedure that exploits both the
structure of the combinational logic in the circuit as well as the sequential behavior of the
circuit. In contrast to previous approaches, we decompose the problem of sequential test
generation into three subproblems of combinational test generation, fault-free state
justification and fault-free state differentiation. We describe fast algorithms for state
justification and state differentiation using the ON-sets and OFF-sets of flip-flop inputs and
primary outputs. The decomposition of the testing problem into three subproblems rather
than the traditional two, performing the justification and differentiation steps on the fault-
free rather than the faulty machine and the use of efficient techniques for cube intersection
results in significant performance improvements over previous approaches.
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Test Generation for Highly Sequential Circuits

Abluji I G hnvsh Sijiniva.; Dex-adws* A. Rlichard Neivtsn

Departmucnt of Electrical Engineering and Couipitter Sciences
University of Califonrnia, Berkelev

Abstract 1hrre subproblems rather thnan the t radli onal two. Also intwmica cli-
ciency. l1wo1. A fact or of 15N itownovni-i iteti in per form alice has net-ni

We addres lite problem of gennerat jog test aeqloetices for stuck-a, faults achieve([ for large %ecloi ial mnachnen. o% , r Inreioins ApproArlnns.
in noni-acati sv inch ronnour seq tetnt jal circuits. We present. a inovel lest We preqeint Inasic delinitjoins in S-ction 2. It Secion 31. liten thnrn--
procedunr e that exploit, bot )1inte st rtnr tre of ltne comnat ional logic step global si rategy for tn-s ge-neratioin is discrined . *Illn. a lizri liii is
in I lie circuit am well as lit. secnntial belts'.or of [ien circuit. In coin- used it (lie cover einnnnnerat-ion Aind ro ialiniiiul ti-si gencraiitlo. stAt,
rxst o pre'. ots approaches. %% e dleconniose then problem of sequen ial junstificat-ion. midn di lfercntiAtiou n nlp'. are dlesc ribend iii Sect ionn .1. 5. anl(

le'st geiners in ioto tinic shinnttrinins of con;i bintt i a li test geln emtto n. 6 resper i 'el%. Del ect ion of re-u nniatit fai nais i It.-ann Ij-ct o( Sectioll7
fasid-t-r stir te i fliat iot and farinlt-fnri stair diffi-entin tioin. We d~e- lIi Sect ion 8. we Inresei jrelini ins iry expenr inn claI renoIt'. t hat j n(ijca Ic
scribe fast nlgoraln inns for state, juintflcatioii and state diffc"enntvinn tts- tlat thlis approach is more efficien t han jirevion Appiroachnes atill %iabn-
iog Ilie ON-sets annd OFF-sf is of flin-hl itilitis Rod~ prifnary out Innlts. for larger circuijts InaunIpreviouts Applroaches.

Thne deconiposit jcot of t lie test inig problemn innto t iree subproblemns rallier
thtan thne tradi tionnalI two. nerforininig Inle just ifistion aind di fferetiiott
st eps oant tie faullt- free rate t jant~e fault~y machine aind thne use of cli- 2 Preliminaries
cietit techltintes for cube initersectijoin results inn siginificant performiance
tnttproinents over previouts approaches. 2.1 The Problein

A general sequtentijal circuijt ccoitsists of a comtbjitanjonial logic block Aind
1 Introduction feedback registers that [told thne -tale lnfortntat oin. 'Fine probilen tnff

qnuential test genneratijon involves fiunding prjin nary inpnut Wseiji c". wich rl
Test genneratijoin for sequential circtit-~s hat; beeni recoginized as a difficult Cal) excit~e tilie fall1t anid propagate jt.q effec-t to tilie primnary outpintc.
probnlemu [8] [5] [12). Iii al work in tacklling tins problemi involved tie It is assumned] t hat tie preseit( st.at~e and thne next state t-I ica ace mcei-
u-se of bot I randonni [41 [1-5] anid] deterministic technniqutes [111 [1] [1.3] liner coitroablf nior otnsrrranbh. Tine followiung assuitiotis are mnade
[16]. Dine to tine relative ineffectijvenness oi these approaches, a liopinjar regarding thne seqluential circuit t-o Ile tcsnl.
approach t~o etnhanicitng thne testability of sequential circuits has been the I. Tne miachIine is sasinned to have An reset state. R.All test vectors
Scan De-sign nienliodology [61 [N.araple il hstea hsatngtt.

RecenittI'. t here has beeni coinsiderable progress miade in this area. A aeanle ihti ttca ~esatnga n-
PODENI-lmaseel [7] deterinnistic approach to seqtlil test genteration 2. Thne fault itnodel is assumned t~o be single stuck-at.
wvas described in [9J This approach uses thne iterative array model for
test gennerat ott anid inakes initelligent use of a partial State Transition 3. Tine mnemiory cletieits are cntsidered as (listinct logic pritnlit es
Graph (STG) of t lie circuit while geinerating jist ificatioti sequences for aind falts inside tIne Iletunory eleonetuta arc 110tcoosideeuli. 11oweVer.
thne faults under test. A hneuristic. sjnnnulatioin-hsased test pat tern getter- all fauilts Ott prtsent. -tale amid nnext state limies are contsidleredl.

at join al goi n gnw (eran ied fo cin. t with t0020 gis lrats ave 50-7i To detect a fauilt inn a scqtunntial niacIn te. lie miachnine lies to Inc first
flucceosliigteaii et o icut ih10-00gtsan 07 placed iii a stale which cant excitec tine faunlt aind[ propagate it% effe-n to

In conitrast t~o previous approaches, tine approach we present in this tine primn ouitpunt or tine tnext qaite lines. if tlite fanit is tnot props-
paper. involves decotmposing tine problemn of sequeittial teat geunerationi gated to tine priinnary outptuts. tiht-n atnothier sequnce of inut vectors
into titns snntprotilenns of comiun~nationtal test getneraiion. fault-frce state is neccessary to propagate the fal. t~o then Iprimnary outpints. Thuts mm-
junstificationt and fault-ferr state differen tsniot. Initially, prior to test. like comnbinuational test. genneratioti. sequenitial tcst genneraf itn requires
generation. each of tine flip-flop iniputs (next state lines) and primary mutlevcotsteqeic.
out pit~s arc represeinted as separate cone circits and complete or par- It has beet shnown [5] tat a fault in a geineral sequtentnial circuitt tnav
tial suni-of-product represeintationis of tine ON/OFF-sets of these con require a test sequence of up to 4n iniput test vectors. where in is tin1e
circcits are extracted. Tine extraction is carried out via tine use of tine numiber of mnemnory elemennts in tile mnaciine. This shnows that tile searchn
PODEXI algoritn. Cover extracion is siginificaintly faster than STG space for sequenttial test generation is very large. To add t~o tine coni-
entuineratioin. which is used itt [9]. piexity, somne fault-; in tie circtuit inns' be redundant: i.e.. tite%. catnnot

Given a fault, for which a test sequence has to be getnerated, w- first redtce yaytetsqeie iice such faults are very dihicinit to
gennerate a comnbinnatiomnal test vector that propagates tine effect of tihe idettilv. large aiontnts of effort call be spent. in tryinig t~o geinerate test.-
fault to tlite nnext state lines or the primnary ottstt.s. We then perforini a for thnemi.
junst ification steip. which inuvolves findinig a just ificatiot' sequence for tine
stat~e correisponiitg to tine generated test vector. This step is carried 2.2 Definitions
out elicienlitl via a seqnnennce of cube intersections ott tine comnplet~e or
partial ON/OFPF-set represetations of tine next state lines. Titus. a A state isa hit vectorcof iength tqial to the inomnbnr ofitnentory eleineits
fault-free just ifucAtioti sequenice is founnd. If tine effect. of tine fault hiss (latrines or flip-flops) inn the swenlin al circuit. A state with ino1i. Oq attn1
b~een propagatedl to ltne nnext state lites aloine. then we obtain tine fnalty Is as bit. valunes is called A miniteri state. Iti genecral. a state is a cube:
fnatt-frrr state- pair produced by tine test vector. We Obtain a fauilt.- i.e., tile value-% ii thne differet Oit posit ion inny hie 0. I or:x (don't care).
free cdiffereintiatijoin or distiniguishning sequenice for tii aut fault-free A state is said to cover antothier state if tine value of each bit po-
stat~e pair via anothner seqintce of cubne intersectionis, tinis time oin tine sition ii tine first. state is either ain r or is equal to tine value of tine
ON/OFF-et rpeena~on of tine primary outputs. corresponding hit position in t-ie second q1tate.

Juistificatioti or differenitiatiotn seqtuences thtat are validi in a fault-free For thne comiinatiotnal logic iii tine seqmteintiAl Circutit. there are ps pri-
nnachnine are not niecessarily valid in tie faulty mnachnine. Hotver.r erper- mary ipuits. in present sit-ae And( next state lines. aind q pritnnary out nuts.
t nieitationiiinticafes; thot these sequnenuces an-e either valid or themselves Tine combinuational logic inipleneintsi a nnunt ihhle-onitnut B~oolean ftutnction
test serquences. mtore than 95%. of the time. Fault-free justificationi aind f : Br+" - B'f'.. Each of tine prinmnary out puts or next stale lin-s arc
differentiatioi call be performned nmuch mnore efficieintly thnan tine samne siingle output fuinctionis of p+ in variales. Tine ON-set- Co BP+.
under faulty cotnditions sinee inforntnm ran be wesed. Furthner. time of at primnary output. or next state line is tine set of iniput valuecs such
nintersection of sui-of- product formns. whichn formns tine basis for justifica- tinat prinniary outt-put or ntext stale lite is 1. Simiilarly thne OFF-set.
tion amid differeintiationt. cain be performed efficieintly, via sophisticated Xorp- C Ba". is tine set of iniput valnues for which InIe corresponing
data stmnwtnnres. Splitt~ing ilIe sequnenntial test gennerationi problemo into line is 0. Tine set of cub"s C. is said 1.o be a cover for a ON-set if

Xov g C amid C does not iintersect XO,5 -p.
'Denaineont o( Elect ricl Ftingineeritig wid Comnputer Science, Mamnactnuseti tIM A space can Ie enumerated by exhastiv'ely searchitg A set of

stitute o( Tertuatnus. Cambtiridge cubes whnichn add ill to tile universal cube corr-snondling t~o tliat space.



N'interin enumeration imiplies that each citle, searched is a tttitnerttl. be fottttd. all file Iallout. states of (lie trite Ant ill aitaes are rod % ia

Mitrit enu ereat ion of a it -d itetioial space imiplies thIat 2" cotilbi- repeated cube intersec tiotis. Thtent for each pair of fanoto siat .s a sinigile.

natiolns liase beeni searched. Implicit enumeration ittvolves exltaus- vector ifflereti al ion sefqueitce is sought0 (we are setircltitg for Alt overall
tiseI% v-earchtitg anl it-dittetisiotial space via cubes such that the number two-vector iihfcreni.t joltI. If ito soc h pair exi~ix. thten a pair of si ales
of citbes searched is sign ificat Ilv less thant 2". fanin tg out fron t someti faltowt state pa ir is picked aid di Iferet iat itit

Anl edge in the State Transition (;raph is said to he corrupted by a betweeni t his pair is attemuptedl. Thle iiferettiiat ion seqitetce otltaitiedI
stuck-at fault if thle effect ofr liei fault. call be psroplagated to the priniary is valid uler falat free cotnditjin. After fiil iriretit iot seqotettc- is
out Pili. or text state liles 6%tilie inpultt. vector corresponidinig t~o the obutainted. the enitire test sequnence is fault sitittlated to ,e if tl.*- falill
edlge wvit It thle presetnt st ate lites- set to the fait-itt state of Lte edge. Ai utnder test is detected. Experittieti al es itetice ittiicaties that moitre thait

iipuit sector to tltie comitniationtal logic Part or th Ite achinle titat excites 9571 of tlie tittle, a test vector sequentce genterated is act uall% a test for
atti plropagat es tilie effect. of t he fault, t~o tlte pritisary output or tlte next tlte fatdl.
state liles is called the excitation vector for tite fault. Thte presenit As itt somte cotniina otmal test. genterators [II1 atud itt swite "seutil ial
st-ate pari of thle ittput vector is ite state whose fallout edge is corrupted test generators [15). we limae added a rautdottt test vector genterationi
by i lie failt. aitd is called Lite excitation state. procedure as a frot ett(I t o t It il etIertititist i I test genteral ottI algIKrit 11iti.

The process of finidinig att itnput sequenice which takes the mnachitne Rattdottt vector test geticraticot entales its to detect soutue of ii, eatsy
frotnt the reset state to tile fatilt excitatiott state is called state justi- detect faults without mutcht effort atid therefore rethices test genteratiott
fication. Thte corresponudinig iniput sequence is called the justification timie.
sequence atwl set of states traversed durittg jtstificatioti contstitte tite By chieckitng .o see if tlite just ificatioti seqtuenice is valid, prior to state

justification path. State justificatiotn stay be forward state justifica- differenitiationt, we obviate Lte iteed for gemneratinug niore ithat, ote itisti-

tott or backward statle just ficat iou. depetintg ott whtether Lte search ficatioi sqlitelice iii eat-l pass of lte algorithmtt.
is cotnducted fromt thle reset state t~o the exccitationt stat~e or vice versa. All just ificatioti seqtuince- atud dhifferenttiat ion settuetices genuerate(! are

lIn a sequieti al ci rcuitit. a fault msay bie red t ulati.. i.e.. uiesitalle. stored for use later. Thus parts of t ie State Transit tn Graph t lt (;i

There are two kinuds ofredutidaticies [91 ii a sequetitial circuit - combi- that are required for test getteratiotn are exlllicilly eiutteratetl. Ettit

nationsal redundancies and sequential redundancies. For a cons- iseratioti of otily tite reqttired psarts of the S[F(. gives rise to sigiitili
binationally redtundant fault., thle effect of thle fault canntot be prop- memiory atmi CPU thtle savitugs
agat ed to thIe pr illSry outputls or tite tiiet stnte liiue-s begilinti I trot
alt. ent..-tlt ally input vector. A sequentially redundant faulIt IS
a fault that rannot be propagated t~o the primary outpsuts itt 4" titise 4 Cover Extraction and Combinational
fraities beginintg frotm the reset state of the nmachline. Test Generation

The insput t~o the progratm is Lite cotubiwtat otial logic specificatiolt of
3 Global Strategy for Test Generation the fittite st-ate mnachtine. with the lat-li itnputs attd onttls trotterl%

ideistilied. For eachI priimary output atid next state litne. the ON-set

Ittformtatioin about state transsitiotns itt seqtuential nmachines are tracli- atid OFF-set are dlerived by settitng the corresponudinug litte to a I or 0
tiotil represensted usinig graphs. It is also possible to represetnt this atid usintg PODENI t7] to imiplicitly entutmerate the inuput coti litliat ions
itforiuta tiott by tte ON-sets atdOFF-sets of alte nsext state littes std that. call set. lite lite to a I or 0.' Sitnce ott every backtrack PODEM
te primtary out puts. Cotttict-lit'ily call be representted by the ON atid sets alt input lite to a value (differenit frottt what it had Isreviottey. f ite

OFF-sets or time ntext state liltes alotne. cover of thle ON Autd OFF-sets are gutaranitee,; to lbe sintgle cube cotn-

The first step itt test generat ion is the etnutmeration of tlte partial or taitinieut iimtal. For altmost all exampilles. covters are oftI ractalile size
cotttplete (ttleiiory atid CPU tlite pertmittinig) ON atid OFF-sets of eat-l atnd ettumteratiott takes a very sissall frat-tint of Ilie total test genteratiott
offtite text state (N SI lilies anid primtiary ottpits ( POs) iii tlte seqttettal titite.
circuit. t~o be tested. Cover ettumseratiotn is dotie via a PODENI-based Givets a fault for which a test seqitecv is to be getterated,. fte irst
or DALG-basedl [141 etnumterat ion algoritltii. A litmit ott tile nttttber step itt sequenitial test. geuterat iott is to genserate a cotitbittatiottal test
or cubes itt each ON or OFF-set calt be placed. This limiit is used to vector for thte failt( - (lie circuit is t-oosidtred t~o be t-ottilintionita with
restrict lte ailitt of tmetmory atti CPU tittie utsed for eniumerationi. inp~uts beintg die Pis aitd tlte PS lities attd tite otltputs beintg lite Pos
Cover enunmeratiotn is genterally very fast and full covers of moderately attd NS liles. A cube test vector is getterated usitng as tuatty dott care
large circuits call be extracted easily. enitries itt the preset stat-c part. as Possible. Tltis is dotte because state

Giventitte complete (or partial) covers, test getnerationt is a three-step jtustificationt is easier for st-at-es represetted by large cube_. Cobiita-

process. These thtree steps conlsist of (1) conmbintationial test generatioti tiotial teat getterationt is based ott the decision t-ree coticept of the test

for a fautlt treatintg ilie presetnt state (PS) lities also as primiary imipts patterit genteratiott algorithmn POI)ENI. [It uses tfite 9-value-d sitmulationt.
(pis) atid t-le NS lities also as POs. (2) fault-free state justificationi attd as itt STIALLION. Thme fault is first excited by settittg tlte fattlty wvire to
(31 fauilt-free state differeittiat iont. a valtie differetnt frotnt thte fattlt(.y- value. At. first.. this value is jtost ified

Aft-er -ombtlintationsal t-est. genterationt. tlte excit-ation vector is exatiited by settinig sonie of itue itnputs to thle cotmbintationial logic Mot-k. Tile
to see if the presetit state part of thte excitatiotn vector covers tlte reset algoritlii thten tries, to propagate I-lte effect of thte fait. to tilie prittiar
state. For this discussioni. assumse that the excitationt state is a otittersm out puts, failing which it. tries to propagate Ilie effect of tlte fault t-o I It'e
state. If the excitatiotn state is the react state. themn the fault cati be next state liles. If the fault is coitbinatjottally reduntdautt. thIent lie
excited fromt the reset state of the machimne. If not, then the excitationi effect of the fault cantnot be propagated to cit-her the NS or PO littes.
state is justified usintg a backward justificationi algoritit. Backward Sintce tilte goal is to getterate a miaximtal cube for the PS hiles, all NS
justificatioi is dotic by first finidinig all the fant-itt states of tbe excitationm aitt' P0 littes tsay not be set to a I or 0 at the end of test geiteratioti
state. via repeated cube ititersectiomn. If the reset state is a member of ouste liles tiay still be left. utiknown.
the set of fait-it states. theni a otte vector justificationt sequence is foutnd. ':v, itew test ins t-o be generated Isecaitee tl-eviouexcitatiolt sta-c

Else. the process is repeated for somse state its the fats-in of tile state n -- ot. be justified, th tlte tew excitatioti st-ate stottld be disjoitl
beinig currently justified. Otnce a jttstificationt sequentce is found, it- is the previotus exct-tatiton state. Titus for a particular Fatult-. eat-i
fault situlated to see if the required state is justified. If the required ti.s. getnerated has alt excit-at-ion state which is disJoimt frot all previous
state is justified. thlen timejustification sequenice is a proper jtustificationt excitatiotn states for tilie fatult.
seqiltelce in tilie faulty muachuine too. If thme required statc is ttot just-i-
fed. thetu sonic edgc In the jutification path tutst hate been corr-titd.
A p~art of tite justificatioti sequenlce call then be used as a justificationi 5 Justification
sequtence for time st-st- whose fallout edge was corrupt-ed by the fault.
St-ate differentiiott call thietn he dotte betweent time corresponditng i-rite Conmbintationtal test- genteratiotn produces a test. vector with as tuail dlont

atid faulty states. We thus htave t-o perform onmly one fault-free justifica- care enttries in tlte preset. stat-c part, as possible. Atmy state itt thle group
tioti to obtaini a triue faulty st-ate pair. of states S, correspodinmg t-o the cxcitat iott stat-es for thle fattlt lis, to

ifthe effect. of the fault unuder test hias beent propagated to Cime prinmary be justified. If tite reset. sta-c R is already covered by St. thenl Lile fat.
outp1 ut-s by the comsbiinationsal test vector, aumd if the excitation state canl calm he excited from the reset state atid a jiustificationi sequetice is tot
be justified in the faulty nmachinte, theni a successful test for the fault tieeded.
has been generated. If. however. tlte effect of the fault is propagated The state justificationi algorithmti first attenmpt~s to fitnh a sinigle Vector
only to the next state hines. thetn the fault has; to be propagated to justificationi sequenice frotm the reset. state R of t lie iacle t-o shY of
some prinmry output by state differenttiation. This is done by first the stat-es (iitermms) iii St. If coimplete covers of the text st ate lutnes

fliding an input vector that produces a different output on at least are available, i-le enitire faim of Sm call bec foiund via cube intersect iont.
otme primtary output line for thme true and the faulty states. Such a S, is represented asi a bit-vector with 0. 1 aid .r entries . If the. posit~out
v-ector constitutes a single-vector differentiation sequence betweem thte corresponmdintg t~o a PS line hias a 1 (0). thle ON-se (OFF-set) of Ilite
true aimd faulty sta-es. If a sitghe-vector differenttiation sequenuce cannuot corresponding NS lite is picked. Bit positionts with .r's are igntoredh.



The itnter~ectioit of tile ON anid OFF-sets of (lie NS lilies with Os and I\ 1 171111) #ill1 #gal,- jai #,-,I%77
Is Rise- file tailil edges (hIht Ii P andI PS vectors) to lite slates ill St. - I 1.........
Tile intersect ion cAll lie rnii iied dt ian l chckn eac cube C, 130 6 -*:-J - _____

prdie t ei ieP alo itca c r tilt rkseigseate be. Ifpaie 7 1)).i 6 -9

such a cithe(%l is friiiid. a sinigle vector jitstification sequetice front H Ito 111 ---t F -- y ---- 1 r1-T
S1 is obtained, correspuoiiliiig to Ilie Il1 part of lte cube c. -T-c- 7F'~T~ -i-n- = -r -p-0-I

If 11o such cuble is fotid. thl it illealts tha. a siingle vector justi- -t~' TT ~ ~fi 7 22
ftcatioll seqtelice does tot exist for ally of tile states in St. Thuns ati 7 T-?rW
N-%tec or qeulielict withi N > I hs to he foitiii. Thiis is done by hcu ris- I li .II *T I 7 l-11,
ticall, seiertiiig a groip or states S2 which exist iii the fanitaof St aind 71s, ~ ~ 7
al ielininjg to juistify soin st ate iii S2. via a siingle vector justiftcat iou -

sequeince. Whlile inlspeclting each cubhe c formed trout the intersectiott Table I: Statistics for Examlple tCirctifis
of Ilite ON and OFF-sets. tile largestl Cttbe (Cube With Most dont't. care
entIries) iliaI is disjot ut frot S, attn which is Ito- already itt the potenl-
I is) just icatott path is picked to be 52. Disjoiit-uess is required. sitnce
if 51 C St. thetn we kttow thlat a sitngle vector justificationt settivetuce itot, a sitigle-vector stat~e differetiatiott seuettetc aitiot Ia fuwd
(foes tiot exist for 52. Also. the tiew stale selected should not be itt tite for (s,". "rt
poitals juistificatiotn path built so far. itiorder to prevent cycles dfuritig Mttpevco i~rtiitti eleie aih erleifrili't)

'rhi it iticatIioii sequnce (ftat is conistruc ted is valid ittder fault- free lowitg fasltiott.A* il ilt tuiter o~f vt-c Iors itl I lte r I treli I seell ir.

coliit ts. atii Inla% ie illyalil uttnder fault-v cotndit-ionts. fra jltstificatill 3. A
setciieitre is ilialini ititer fattlc cotiditiotis. it iteavis t hat the effect

Eltupirrca es tletlce has shown Ithlut over 9Wl5 of thIe tliittle. itt real ci rcutits. 4. Pic a0 NSii tie ateate wipth o n a U 1 ) eto.vi .tlta t.rti itres
a jtisiiicatiott seq~uentce. valid itt a fatilt-free iacltite. is also valid itt tile wtI s.TyatthrN ii-i etrrti efttu o i
fauilty itaciie or is itt it-self a est? srqicucf for tlitp fault. It tlte utulikeiyihs.TvaohrNSii. r etrciiiib riidfrfl

evet thlit a jllst ilicat ion sequence is neither validl in the fault-y nuaciiue pticked olie. if att iniil tcotnitii at iont calttit hue foit in for atll skit It
ntor a test sequtence in itself, we ol)tajtt a valid justificationt seqitettce NT Fitt .iuattelifrttjtot (1 ett-Cltbeoiiifr
frottt the ittvalid otte as described earlier. (svT. sy IV

All ctube, are representted as bit. vectors whticht makes storage atnd
operatiotis Oil cutbes very efficient. Cube atid cover datastructures used 5. Fittd tlte state pair (sjxtT..+1 givet, Iv tlie fattittli states of
are sitttilar to those tused itt ESPRESSO 13]. U

tsitng proper bit tuotiotts tite 131 vector ixv for lite State p~air 04,v T. 8 F) . A*= V + I
for Os. 1.s aitu xs. cuble itntersectioni calt be perfornied by bitwise AND Atteutupt to fitnd a siulgle vector proltagatiott sequitelce for tie state
operalitisi~. wiirh catl be (lotte very efficietntly. A cube; is therefore a pair (sy+IT, .s~F).
collectiott of uutsigtted itntegers whtose bit~s relpresentt the value of tite
correspotulitig variable. Tite cubes itt eacti cover are ordered so that Lite Tite aigorittli thius attetttpts .o findt a sittgle vector seqttettce. t tenl a
cutbes thtat cover the reset state are b~efore those that do not. Amuottgm t.wo-vector qeince stint so ott. The NS liin-s are selectedt itt a teitrist ic
cubes thait. cover the reset state. the larger ote are piaced before fitle order thtat uises i.op)oingicsl itiforltlatiol as to tfite localijol of thie fault
stitahler otnes. 'Ilis- helps iii tiniditig a fatuit staste that covers tlte reset withI respuect to lite iiferetut NS Iiutes aunt POs.
state as early as possib~le.

7 Identification of Redundant Faults
6 State Differentiation The ditiicuitky ini leteta es geueratliout ties not only ill thie getueratioti

Thtis step) is onily reiitireul if thle ittitial rovuiictiotal lest. vector getter- off iuiill to detect hit testable fatilts, bitt also ittl-lie intent iicat oil of
aleut for the fault- untder test propagates tile effect of the fault to tile NS redutndant fattits. Low fault coverage ott certaint exattuples dloes ilot tiec.
fitte alotte. enietilts.attrtetrtr.apragio e- essarity inealt Chat tlte test getnerator is inuadequate. if it. catl be sitowutl

Typcal. i sqtttttai es pater ge~eatos. prpaatin s- that tlie fault coverage is close t~o t(lie tutaxinit i tpiossible valute. Ill gelt-
Typcta rpgtstleefc ftefal otePS.i on sn eral. idettt ifucatiou of reduttdantt. ftitlts reqluire astroutottical attioilsl of

a ic-t getteratiott algorit lit like PODENI. oi nmultiple timie-framues (or P tneasteoalercspeli obenutrtdbfreF
clock cycles) usinig the iterative-array ttionlel 1.5]. The first vector ill tltis fault catl be prottoitticenl rediuMinati. As definted itt Sectiott 2. thtere are
sequtentce propagates tlte effect of tile fatult to tite POs or the ISS linies, two classes of reduttiattt fault - conibiutatiottatly reduttdattt aitd seieti-
Sitice file fatult is presettt itt eachltiie-frauie. propagation frot tite PS tially redunudat.. Contbitatioltslly redtutdattt faultls are detected dlurittg
littes oftle secottd tittie-fratite to tite POs of the secotud tinie-frattte is at.- citliatotstet.gteaot.ttlreairtofudtat eettly
tettupred itnder faulty cottditiotts (to take into account the miultiple-fault redunudanit fault..
effect I. It, is possible to detect a stubset of tile seqitiett ial l renliin fall) ts

Nye believe. frotnt otir experienuce with fault-free justification. thtat. get)- usiing Theorem I. of [91. We Itll thle sstite titeoretij for Cte dletectionl of
eratitig a propagatiotn seqitetice (itt anl iterative array ntodel of the se- sequletially reditutdlatt faults. However. sittce we 1nlo Iltise t ite State

quetial circuit) where outly tlte logic in I-lte first. time-frante contlants thle Trifdirtit y G a statle (oriie grtt f tats cantitothlejtsten If t le
fatilt would resttlt itt a propagatiotn sequettce that. is afittost always valid total uituer v of f tat ues or etiif tates) durittg the justifiot if lire
under fautlty cottditiotts (i.e. the fault is presetnt in all tintw-franes. totre is er L At ii tjtttale stte is a statie t lite jstittoti rece-it
Arisig frottt tltis observationt. we propose a tutethod of fault.-free state tJetrsetaiie i abl stat e genarstt thit canotb est red tite
diffritiliniti. givet tlie test vector thtat propagates the effect of the faul ith nisjittt (ittvtal stae. Weftilte tal pttos ve tisor fthei

fate tjot ie ain iefilyfutfe tt paS Is tIS ciejies after itutersect ott. thteit the fault linitlr test is reniitiliatt. fit I li,
Aftr jtstfirt ot.t le fult faltfre stt.-pai ( 5 T,. 51 ) gvei by ttxt sectiotn. we shtow that titi w ie d i d ratt est ablishi rectititiatir

the test vector have to be (differetiated. SI attd 2
sF are guarateed to for a larger fractioti of faults I taut ttite itiet ton of (9).

(liffer itt at least otie hit. Sortie enturies il S ,T atud $I F may be uttkttownt
valttei. This tuteatus that ill lite getteral case, grosps of states mnay have
t~o ie nliffertttiatird. rather thtati a ittinterin state pair.8 TetG n r io R su sU igS E D

State nlifferetiaiottki catl be lperforttee usinig the partial or cotoplete 8 TetG n r io R su sU ig S E D
covers of the POs attd thte ISS liltes. The procedure for sitigle-vector Thte test getteratioti algorithltin describedil ile previous sectioil have
differetntiationt is as follows: beent itttplettietted itt thte prograti STEEDI. It cotisis of about 10.000

1. ic a ne) otpt.linies of C codec attd ritts itt a VAX-VNIX eiiirottttw
1. Pick (itew)output.Restltfs atid tittte profiles tising STEED for eleven fluuitestate titaruittes

whtichi are described itt Table I are givett itt Talktes 2 ait 3. respiect iveis.
2. littpect the covers of the ON-set and OFF-set of thme output. atnd ut Table 4, contluarisoitis are dlrawtn aga71t, STULLION (9] awld lite test

search for ait Pl coitibittatitki. it. whicht appears concatentated with getuerator. CONTEST, describend itt [ f.it' tite tables ?Ii atnd s stainis
SI T (or c D SIT) in t-le ON-set atud cottcatenated with siF (or for itiittues; attd secomuts. resltectively. For eacti exAitipie itt Tale. 1. ( lie
c Q .51F) in tilie OFF-set (or vice versa). If such ant input coutubina- nuner of intputs (#ittpl. nitiber of oitlpttts I#oit I. niunbuler of gates
tioa is founid for somne output. thtent a fauilt-free state differentiation (#gate). tuittuber of tatcites (#l ). aatd tititiber of e1 iiivalettt faits
sequence call be contstructed. Exit with thle input comibinationi. if (#eqv. faults) are itndicated.



t#vi #,cIila\. switI lai red. tic t.'" , I raeil4- rrier state ifferenii at iol. 'rite eci -t- of oiir m et hod miems from
(NT Sel 5c1 #e eq. cm fal opx, Little ( le e lleiit use of covrs or the ON aitd 6lT sets or tile priiiarv oul[-

.33LI1 U.0 . 9. S 10.1 ililffreil~iii. Exieriiieiial resutlts inii eili ail. tha l it reimr.
0T V 04; 3 . Dom 9Ut,, - a long itiput. sequenc-es are tainlli-il ellicieiii I. We liase successfuilIk

0 0 "'-rr"~~~~~~~" gerieratl test-s for finte stale mtachiines witlialrh iiiile fstle
-b 791 MM wihl es lii aliiiqt of CUim And iilbias,' oblaiiil close ii

r~ , .,, - H - tell~'~'* itaxitiiiiiioi oit of fan i, coverage. W~e lias e aliso il1'iiiriiist rat l I 11M
, IoU - . . ~ *"~-i~ui'i-'our algorit hilils rer(iiire sigituicait 1% sitalli i inn. t hlut Ilie test g-'ii..ral01

-- . . "''~~:~~r~' riescri I tn ill [9) aiti [2] whlek tlitaiiiig or iiros tug fWltloer~

fltcaibe deterinied during test gr'iterat ott.

Table *2: Test Genierationi Results for Circuits10 A k o ld e nt
CR i Ti~ _______ Js jl Dle I Set Piu. *o I Th itteresiting discussitons wiit It 'r'ole%~ td'in 'itgot ettt a
s.sS 0.psf -0 l'sT 13.9s~ *25.1 Lest genteratiott are ackniowledlged. 'This research was stintriorlerl in par,

1.9,~i' ''r - 3. us 36 -rr'9' 311, I~ th Defetise Adsaiiceil Hestearrit llrojecls Ageitcvy iunder ront rats
1.4,fl 'Fr Fes 0.01s 47.7s -)7 277 'F=1 Nt000l 1-87-K-08~25 andi Nlttl39-87-olto. Digital Ertitiptieut Corporra-

'11F 1.7 1i 1' 2Tii' 215 15 Ti T 5Um 2_"Pi~i' -=37 1 tioti. ATkT Bell Laboratories anii Semiicotndutctor Rhesearc-h C.orporra-
arTr' vU~ -777-i M Di ~~ Lioni. Thitr support is gratefully. ackitowlrdgetl.
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